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In the petroleum industry, seismic reflection is used extensively to determine subsurface structure, and to locate potential reservoirs, but it is usually unable to determine the nature of the fluid content in the rocks. Because we wish to avoid drilling dry holes, it is obviously very important to know before drilling whether a reservoir contains hydrocarbons or not.
EM methods have the potential to reduce the risk of drilling dry holes because they can discriminate between water-saturated reservoirs (low resistivity) and hydrocarbon-saturated reservoirs (high resistivity). Until now, however, decades of research and development have failed to enable this potential to yield results of much value to the petroleum industry.
The bulk resistivity of a rock depends on its porosity, pore fluid resistivity, and saturation. Consequently, resistivity well logs are used routinely to calculate the porosity and saturation of reservoir rocks. When the pore fluid within a rock changes from water to hydrocarbons, most physical properties of the rock change. Electrical resistivity is most affected. Replacement of brine by oil in a reservoir can cause a change in electrical resistivity of reservoir rock of as much as four orders of magnitude; on the other hand, it has very little effect on acoustic impedance (Figure 1) . Figure 2 , an example of a typically strong resistivity contrast, shows part of a resistivity log from a well in the underground gas storage reservoir used in our experiment. Gas is present at a depth of 490 m and resistivity increases from approximately 20 Ohm-m in the rocks above the reservoir to approximately 400 Ohm-m in the gas-saturated reservoir.
The main reason that surface EM methods have rarely been used by the petroleum industry is because resolution of conventional EM data has been very low compared with seismic resolution. EM propagation in rocks obeys the diffusion equation, and EM "pulses" disperse with both time and distance. Seismic wave propagation obeys the wave equation and seismic "pulses" travel great distances with relatively little loss of resolution. However, new multichannel recording systems have greatly increased the dynamic range of EM data, and MTEM provides EM data of higher resolution and spatial coverage.
Our data were obtained in an experiment that formed part of THERMIE project OG/0305/92/NL-UK, which ran from 1992 to 1998. The project was 40% funded by the European Commission and was also supported by Elf Enterprise Caledonia. The project was led by the University of Edinburgh and partnered by Compagnie Générale de Géophysique (CGG), Deutsche Montan Technologie (DMT), and the University of Cologne.
The experiment was performed in cooperation with Gaz de France. Two MTEM surveys were carried out in 1994 and 1996 at an underground gas storage reservoir at St. Illiers la Ville, France. The reservoir is a 30% porosity sandstone anticline about 25 m thick at a depth of about 500 m. In summer, gas is pumped in, the gas pressure rises, and the gas-water contact falls; in winter, gas is extracted, the gas pressure decreases, and the gas-water contact rises. The position of the contact is known from constant monitoring at more than 40 wells. The surveys had two objectives: first, to attempt to detect the reservoir directly from the data and, second, to detect the movement of the gas-water contact between the two survey times. A recent breakthrough in the understanding of the system has allowed both objectives to be achieved.
The basic idea of the transient electromagnetic method involves injecting a current into the ground in one place and measuring the response of the earth (the gradient of the electric potential, or the rate of change of magnetic field) at another place. The flow of current in the earth is determined by the resistivity of the rocks. The objective of the measurements is to determine these resistivities. In our experiment we injected a step in current (Figure 3) . Figure 4 shows a typical response, the gradient of the electrical potential (including noise).
Information about the earth's resistivity is contained in the rise from zero to the dc level. The dc level itself corresponds to conventional dc resistivity surveying. The transient electromagnetic method in principle allows a huge range of frequencies in the EM spectrum to be used and can thereby give much more information about subsurface resistivity than dc resistivity or shallow single-frequency EM survey equipment. We should mention that the well-established magnetotelluric method is passive, using natural broadband EM signals that are generally in a lower frequency range than that of the active controlled-source transient EM method. Magnetotellurics therefore yields information about deep targets with low resolution.
THE METER READER
Data acquisition. The location of our experiment was 30 km west of Paris. The reservoir contains the maximum amount of gas in October, when the gas-water contact is at its lowest level, and the least amount in April, when the gas-water contact is highest. As resistive gas is replaced by more conductive salt water, the resistivity of several million cubic meters of reservoir rock changes. The first survey took place in October 1994 when the reservoir was full. The second survey was to be carried out in April 1996 but, due to operational difficulties at the site, did not begin until August 1996. Modeling by Hördt et al. (2000) indicated the change in the EM response between maximum and minimum gas would be about 5% and would be accompanied by a lateral movement of the gas-water contact of about 100 m. As a result of the delay, the estimated decrease in the gas volume between the two surveys was only 1.8% (because of the increase in gas content between April and August). This caused an estimated change in the electromagnetic response of 0.5% and a lateral movement of the gas-water contact of just 8 m (Ziolkowski et al., 1998) . Even with a data repeatability of 1%, the actual differences in the reservoir are below the limit of what was originally estimated to be possible to resolve. Detection of the reservoir itself was not originally regarded as very likely, because the metal pipes were expected to induce large EM fields that would be difficult to distinguish from the effects of the reservoir.
However, from our new analysis of the data, we now recognize that the effect of the pipes was negligible and the change in gas content between the two surveys is detectable.
The MTEM method evolved from the long-offset transient electromagnetic (LOTEM) method (Strack et al., 1989) and offers an increased dynamic range which allows data to be collected at much nearer offsets than was previously possible. MTEM also yields unprecedented (for EM) data volumes and spatial coverage. The system used for the data acquisition was TEAMEX, developed by DMT based on its SEAMEX system for seismic acquisition. Field work was similar to seismic reflection profiling-"firing" a controlled current source at one location and measuring EM responses at 16 receiver stations.
The source was a Zonge transmitter that produced a bipolar current waveform switching between plus and minus 30 amperes ( Figure 5 ). Current was injected into the ground via two vertical metal pipes 250 m apart and connected to the transmitter by a wire. Each source position "fired" into 16 receiver boxes with two channels per box. The source was fired 50-100 times for both in-line and crossline orientations at each location. The electric field parallel to the transmitter was recorded at every receiver station and the electric field perpendicular to the transmitter and the time derivative of the vertical magnetic field were recorded at every second station (Figure 6 ). For each "shot," a record was made of 2048 samples at 1-ms sampling interval at each channel, with, typically, 384 pretrigger samples. The first second of a raw E xx transient is shown in Figure 4 . The recorded transients are in six forms-the E xx , E yy , E xy , and E yx components of the electric field and the vertical rate of change of the magnetic field for the two source orientations. The first subscript refers to the source orientation and the second to the receiver. The system response for each component and three different currents was also measured in the field in 1996 at two source locations. Figure 7 shows the field layout of the MTEM line in rela- , tion to the subsurface anticline and monitoring wells. Figure  8 shows the layout of the survey in relation to the edge of the gas bubble; receiver positions are red. For E xx data a total of 29 source locations were occupied along a profile length of 7 km. Source interval was 250 m and receiver separation was 125 m.
Processing. We outline three approaches to processing transient electromagnetic data: first, the conventional approach based on forward modeling; second, what we believe to be the ideal approach, which uses measurements we did not make; and third, a pragmatic approach which we are not advocating but which allowed us to make an interpretable section across the underground gas storage reservoir with the acquired data. Conventional approach. Interpretation of EM data has traditionally relied on fitting synthetic responses of simple models to the observations. Models are parameterized in terms of a limited number of resistivities and positional information, and either forward modeling or inversion is carried out in 1-3 dimensions. The conventional approach is described by Keller et al. (1996) . Model acceptability is usually measured in a minimum least-squares sense, testing model responses against derived quantities such as apparent resistivity. A variety of subsurface images may be constructed but most ultimately rely on forward calculations based on models with few parameters compared with the amount of raw data acquired.
Ideal approach. The recorded signal is the convolution of the system response with the earth response and added noise:
where a k (x s , x r , t) is the kth measured signal at source position x s receiver position x r and time t, s k (x s , x r , t) is the system response, g(x s , x r , t) is the impulse response of the earth and n k (x r , t) is added noise. The asterisk * denotes convolution. We need to deconvolve s k (x s , x r , t) from a k (x s , x r , t) to recover g(x s , x r , t). Once the impulse response of the earth has been found, a variety of techniques can recover the resistivities. In order to deconvolve the system response from the recorded data, it must first be measured. For a number of reasons, however, the system response was not measured and a more pragmatic approach was applied. Before out- lining our pragmatic approach, we briefly remark on the measurement of the system response, as this is the key to an ideal approach to the problem. Measurement of the system response. The system response is the source time function convolved with the receiver recording system response. It is measured by placing receiver electrodes close to the source so that the effect of the earth is removed from the recorded signal. Measurements of the system response in May 1993 in Specking, Germany, had indicated that it was a perfect step function and did not need to be measured during the survey. It was not measured until after the second survey and then only for three different source currents at two different source locations. Figure 3 shows one measurement. Analysis of these system response measurements revealed two problems.
First, it was discovered that the system response was not a perfect step function. In fact, there was a ripple that varied nonlinearly with current ( Figure 9 ). This meant that it was not possible to create a system response curve for known source currents using simple interpolation.
Second, system response data were aliased, which meant that the true impulse response function of the earth could not be recovered. The TEAMEX recording system had a low-pass filter that was sufficiently steep to prevent aliasing of the measured transient responses, such as in Figure  4 , but it was insufficient to prevent aliasing of the system response measurement. Thus, even if the system response measurements had been made with TEAMEX, they would have been useless for deconvolution.
Pragmatic approach. Note from Figure 9 that the deviation from a perfect step function is a ripple of the order of a few percent. If we ignore this ripple, we may approximate the measured response a k (x s , x r , t) as the convolution of the impulse response of the earth with a step function, or Heaviside function:
It is now convenient to differentiate this expression. The differentiation of a convolution is the derivative of one term convolved with the remaining part. Because the derivative of a Heaviside function is a delta-function, and the convolution of a delta-function with any function is the function itself, we have
where a' k (x s , x r , t) is the time derivative of the measured transient response and n' k (x r , t) is the derivative of the noiseand is still noise. Thus, for these data, differentiation of the measured responses is an approximation to the impulse response of the earth g(x s , x r , t) plus noise. The signal-tonoise ratio can be increased by stacking. A problem that affects much EM data is electrical pickup from sources of mains electricity in and around the survey area. This appears at the mains frequency of 50 Hz and its odd harmonics, e.g., 150, 250, 350 Hz, etc. The first step of the processing flow was to notch filter the data at these frequencies. Figure 10 shows a typical transient response and its amplitude spectrum. Figure 11 shows the result of notch filtering on this transient. Note that the filters have not produced large holes in the frequency spectrum of Figure 11 . The next step was to differentiate the data; this removed the DC on the signal and reduced the response to about 20 ms in length. This means that after differentiation, of the 2048 samples recorded for each transient, only about 20 (approximately 1% of the data) contain any useful information.
Clearly, in any future survey, data should be recorded at a much finer sampling interval, for example 0.05 ms, and for a much shorter time. This would significantly improve resolution and reduce the time required to collect the data by about two orders of magnitude.
After we began to differentiate the data, we discovered a very important error in the timing. It had been known that there were timing errors of the order of a few milliseconds between traces in different source-receiver pairs and between the two surveys. However, it was assumed that the timing of the current switch for a given suite of traces for the same source in the same location was always the same. After differentiating all traces in the same source-receiver pair, we found that this was not the case (Figure 12, top) and that a timing correction was necessary to ensure a reasonable response after stack. Figure 12 , bottom, shows the result of the timing correction.
Following the timing correction, traces within the same source-receiver pair were visually checked and any noisy traces killed. The remaining traces were then stacked to produce the stacked approximate earth impulse response for the source-receiver pair. Figure 13 , which compares the result of stacking approximately 30 traces with a single trace, shows the clear increase in signal-to-noise ratio due to stacking.
Results. The result obtained after our pragmatic processing is a stacked approximate earth impulse for every E xx sourcereceiver pair. The processed data cover areas north, south, and directly over the reservoir. Figure 14 shows a stacked approximate impulse response for the same source-receiver pair for the 1994 and 1996 data north of the reservoir. Figure  15 shows the result from directly over the reservoir. Figure 15 shows a very distinct second peak associated with the reservoir that is not on Figure 14 , recorded north of the reservoir. The arrival time of this event is also consistent with the results of 1D modeling which suggest the effect of the reservoir should begin to be present at around 3 ms. It is also interesting to note how repeatable the data are between the two surveys. In fact, it is almost impossible to separate the two responses in Figure 14 , recorded north of the reservoir. This repeatability is much better than we had expected and is very encouraging. The greater the repeatability of the data in places where no changes in rock resistivities are taking place, the more likelihood there is of detecting changes where they are taking place, for instance in the reservoir. The two signals in Figure 15 , recorded over the reservoir, differ significantly only in the height of the second peak, representing a change in the resistivity of the reservoir. The method clearly has potential for measuring the movement of fluids in the reservoir. (The periodic pattern on both the 1994 and 1996 data is an artifact of the notch filtering.)
After processing, data were sorted into common-offset gathers to allow sections of the subsurface to be produced. For display purposes the approximate impulse responses, which must be positive, were differentiated to make them oscillate about zero. Sections of a 1000-m common-offset gather for the differentiated 1994 data are shown in Figure  16 and for the differentiated 1996 data in Figure 17 . Results for the two surveys are remarkably similar. What is particularly interesting is that the lateral extent of the green event at about 4 ms corresponds almost exactly to the known horizontal limit of the reservoir gas bubble. The only other possible explanation for such an arrival is the effect of pipes in the area. We believe the effect of the pipes is negligible for two reasons to do with the geometry.
First, it can be seen from Figure 7 that most pipes (wells) in the reservoir are very close together and to the west of the MTEM profile. Such a distribution of pipes could not produce the very abrupt change in signature at the gas bubble edges. If the pipes had any effect, it would be more concentrated in the south of the profile and its effect would fall off gradually with distance from the pipes. This is not what is seen, which suggests strongly that what we observe is the effect of the gas in the reservoir below. Second, processed data from shorter offsets (500 m, 625 m) do not show the second peak over the reservoir. This agrees with modeling results, which indicate that the reservoir is not detectable at such short offsets. If the effect seen over the reservoir was in fact due to near surface conductors, the short-offset data would be similarly affected. These two lines of reasoning suggest that what we are seeing is the effect of the reservoir.
These results thus show direct hydrocarbon detection using MTEM data.
The final step was to difference the sections in Figures  16 and 17 to see if any changes could be detected. The differencing ( Figure 18 ) shows a distinct positive anomaly across the area where the response from the reservoir was seen in Figures 16 and 17 . The positive nature of the anomaly is consistent with more gas and greater pressure existing in the reservoir in 1994 than in 1996. An anomaly is seen only where we expect to see it; there are no significant anomalies visible outside the region of the reservoir. This also indicates that the distinct second peak in Figure 15 is due directly to the presence of hydrocarbons in the reservoir. Figures 16-18 show that the movement of hydrocarbons in a reservoir can be monitored with MTEM.
Conclusions and recommendations.
We have demonstrated that MTEM can be used both for direct hydrocarbon detection and for monitoring fluid movement in a reservoir. The data used were far from ideal and any future survey should incorporate several changes during acquisition to improve data quality and quantity. First, the system response should be measured for each source current and each source position that is occupied, and also for every shot fired. Only when this is done can the correct system response be deconvolved from the recorded data. Second, the earth impulse response in this survey is only about 20 ms long. Any new data should be sampled at a much higher sampling rate, say 0.05 ms, and for a much shorter time, say 100 ms. This would greatly improve resolution and reduce considerably the time needed to acquire the data. Orders of magnitude increases in efficiency are clearly possible. The University of Edinburgh has applied for a patent that incorporates these new ideas.
The potential applications for this method are considerable. The U.S. Department of Energy states that there are 410 underground gas storage reservoirs in the United States. These reservoirs are mostly quite shallow and one would therefore expect the resolution of the MTEM method to be good. A major application would be in areas where potential hydrocarbon-bearing structures have been found using seismic methods and the drilling risk needs to be reduced. In these areas MTEM can discriminate between water and hydrocarbons. MTEM could find by-passed hydrocarbons in existing fields and monitor carbon dioxide sequestration. 
